Cavities and flaws are common types of defects in rock specimens that have an important impact on the mechanical properties of rockmass. In this paper, cement mortar was used to prefabricate a rock-like specimen with two cavities and a single flaw, and the uniaxial compression test was carried out. e process of fracture evolution on the specimen surface was obtained by using photography technology. e evolution regularity of a fracture was monitored by utilizing acoustic emission (AE) technology during the process of the specimen failure. Moreover, three-dimensional (3D) tomograms of specimens after uniaxial compression were obtained by using computerized tomography (CT) scanning technology, investigating the development characteristics of microcracks and the distribution of the final macrofractures. e particle flow code in two dimensions (PFC2D) program was used to simulate the mechanical behavior of brittle rock combining with microcrack propagation. e calculated stress-strain curve, AE features, and fracture distribution of the specimen obtained from the PFC2D simulation were relatively consistent with the experimental results.
Introduction
As the main medium for an engineering construction such as a tunnel, slope, and foundation, the bearing capacity of rockmass directly affects the stability of the projects. In longterm geological processes, many macroscopic and microscopic defects such as cavities, flaws, and joints have been developed in rock materials. However, the mechanical properties of rocks are closely related to the shape, size, and spatial distribution of the internal defects [1, 2] . erefore, the crack evolution mechanism of rock containing defects has long been one of the focuses of rock mechanics.
In recent years, many scholars have conducted extensive laboratory research on the strength and deformation characteristics of rock with defects and fracture evolution. Wong and Einstein adopted the method of high-speed photography and electron microscopy to study the macroscopic mechanisms and laws of fracture initiation, propagation, and connection in fractured gypsum and marble under uniaxial compression [3, 4] . Yang et al. analyzed the influence of the rock bridge dip angle on the strength in sandstone containing three prefabricated flaws and discussed the fracture propagation mechanism under uniaxial compression [5, 6] . Prudencio et al. also performed a similar study on the compressive mechanical properties of flawed rockmass [7, 8] . In addition, AE monitoring [9] [10] [11] [12] [13] technology and CT [14, 15] scanning technology have also been widely used in the experimental research on the macroscopic and microscopic mechanical properties and fracture mechanism of rock with defects. However, there are still some deficiencies in the current research methods for rock fracture. For example, high-speed photography can only capture the fracture characteristics of the specimen surface; an AE monitoring sensor is mounted on the rock surface at a shallow depth, and noise interference is serious, so the results of the analysis rely mainly on the experience of the engineers.
erefore, most of the experimental techniques lack accurate acquisition of the internal fracture space information during the process of rock failure. However, CT scanning relies on its 3D X-ray tomography imaging technology to achieve high-precision comprehensive observation both inside and outside the rock, so it can make up shortcomings of other methods well.
In recent years, with the substantial increase in computer performance, the PFC program based on particle flow theory has been widely used in various types of rock mechanics and engineering simulations [16] [17] [18] [19] [20] [21] [22] [23] . As the PFC program uses the particles to build a calculation model, the bond between the particles will be damaged by the external force and produce microcracks to simulate the break-up and evolution process in the model. erefore, PFC is very suitable for the study of rock fracture mechanisms and has become a new research method. At present, when using the PFC program to simulate rock mechanics behavior, the traditional bondedparticle model (BPM) [24] , grain-based model (GBM) [25] , and flat-joint model (FJM) [26] are usually included. In BPM, the calculation model consists of round particles with the advantages of a simple model and high computational efficiency. However, due to the use of circular particles to construct the model, there is no self-locking effect between the particles, and the characteristics of the ratio between tensile and uniaxial strength of rock cannot be reproduced. To solve the defects of the BPM, the GBM and FJM were developed by Potyondy. e GBM and FJM can build irregular mineral particles that reproduce the self-locking effect between particles. e GBM can also simulate the transgranular breakdown of mineral particles. erefore, the GBM and FJM are very suitable for simulating brittle rocks. However, due to the increase in the number of particles and irregular contact boundaries, the GBM and FJM have the disadvantage of low computational efficiency. In other discrete element methods, some scholars such as Misra and Singh [27] and Poorsolhjouy and Misra [28] have also used the idea of building computational models by irregular particles to simulate the mechanical behavior of rock materials.
At present, the research on the mechanical properties of rock with defects focuses mainly on the interaction mechanism of single morphological defects such as cavities and flaws. However, there is a lack of in-depth research on the interaction mechanism between different defects such as cavities and flaws in the rock. In this paper, we intend to use AE technology, photography technology, and CT scanning technology synthetically, combined with particle flow theory and the PFC program, to study the effect of the interaction between cavity and flaw on the rock mechanical properties under uniaxial compression.
Research Method

Specimen Preparation.
To research the crack evolution during the interaction of cavity and flaw in rockmass, cement mortar was used to prepare specimens. e cement mortar consisted of cement, sand, and water in the ratio of 1 : 2 : 0.6. e cement mortar utilized R42.5 cement, and the sand consisted of natural fine river sand with a particle size of less than 1.5 mm.
e specimen was a rectangular parallelepiped with a size of 50 mm × 50 mm × 100 mm.
One flaw and two cavities were prefabricated in the rock specimen, perpendicular to the specimen surface, and running through the surface. e length of the flaw was 10 mm, and the width was 0.4 mm; the angle between the flaw and the loading direction was 45°, and the midpoint of the flaw was in the geometric center of the specimen. e diameter of the two cavities was 10 mm, and both of the cavities were symmetrically arranged along the center of the specimen. e distance between the cavity center and the loading end was 30 mm, while the distance between the cavity center and the lateral surface was 15 mm. e geometrical morphology of the flaw and cavity is shown in Figure 1 (a). e poured cement mortar specimen was cured at room temperature for 24 hours and then striped. e specimen was then kept in a curing box with constant temperature (19.9°C) and constant humidity (97%) for 28 days.
Experimental Process.
e experimental system consists of the loading system, the observation system, and the AE monitoring system, which are shown in Figure 1(b) .
A YAW-600 electro hydraulic servo rock testing machine was used as the loading system. To reduce the impact of boundary friction, Vaseline was applied to the upper and lower surfaces of the test specimen, and the loading board was padded before loading. Displacement control was used as the load mode with a loading rate of 0.002 mm/s. e test was stopped when the specimen residual strength was 20% of the peak strength. An HDR-CX405 HD digital video camera produced by Sony Corporation was used as the observation system, shooting the process of fracture evolution on the specimen surface. e spatial evolution model of microcrack generation and expansion inside the specimen was monitored by utilizing AE technology during the experiment. AE is a common phenomenon reflecting brittle failure within rock-like materials (including the generation and expansion of microcracks).
e AE monitoring system used in experiment was IMaGE AE monitoring system manufactured by America Itasca Company. e raw signal was stored in two data collection mainframes (master and slave) and processed by a trigger method. e corresponding AE setup parameters were as follows: amplifier gain 50 dB, pretrigger 100 samples, threshold level 0.1 V, sampling frequency 5 MHz, and dead time 1024 samples (2.048 × 10 −4 s). e NanoVoxel-3502E scanning system produced by China Tianjin Sanying Company was used for CT scanning of the broken specimen to learn the distribution regularity of the fracture in the specimen. e maximum spatial resolution for this CT scanning system is 0.5 μm. Multiscale internal information of fracture in rock can be detected without destruction. erefore, CT scanning technique was widely used in investigating the rock fracture development characteristics, rock cavity structure, etc.
e CT system consists of a ray source, detector, mechanical system, computer system, and antiradiation box, as shown in Figure 2. e light provided by the ray source satisfies the test requirements. e detector ensures the collection of frames and image quality. e mechanical system should meet the precision test requirement of high-resolution reconstruction. e computer system is utilized to control the mechanical system, ensuring data collection and reconstruction analysis well. e radiation is shielded by the antiradiation box to guarantee the safety of the tester.
Simulation Method.
As a discrete element numerical method with a high development in recent years, particle ow theory and the PFC program can determine the mechanical properties of rock, concrete, and other geotechnical materials by solving the interaction and movement between circular or spherical particles [29] . In the PFC program, a bond model is used to represent rock-type materials by bonding the particles together, and the traditional bond model is BMP [24] . In the PFC2D and PFC3D programs, disks and spheres, which are rigid materials with a friction coe cient and normal and tangential sti ness, are used to represent particles.
ere are two kinds of particle bond models, namely, the contact bond model and the parallel bond model [30] , and they both have an elastic, brittle body.
e sample in this paper is a precast rock-like sample with 
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Flat panel dectector Objective coupling detector X-ray source Precision sample stage Advances in Materials Science and Engineeringlow brittleness and a self-locking effect. Balancing the computational efficiency and the accuracy of the simulation, we decided to use BPM for simulation. In this paper, the reasonable microscopic parameters were selected using the uniaxial compression test of an intact sample. e size of the calculation model established was consistent with the test specimen, and the parallel bond model was selected as the bond model. e calculated loading rate was set to be small enough to ensure the quasistatic loading state, and the axial loading rate was set to 1.0. When the residual strength of the specimen reached 20% of the peak intensity, the calculation was terminated. rough repeated debugging, the final calculation micromechanical parameters are shown in Table 1 .
Analysis of the Experimental and Calculation Results
Effect of the Cavities and Flaw on AE Properties
. e stress-strain curve and AE events obtained from the test are shown in Figure 3 (a). e stress-strain curve and the number of microcracks obtained from the calculation are shown in Figure 3 (b). From the experimental stress-strain curve, the peak strength is approximately 15.5 MPa with the strain of 2.7 × 10 −3 , and the elastic modulus before the peak strength is approximately 5.7 GPa. From the calculated stress-strain curve, the peak strength is approximately 15.4 MPa, with the strain of 2.7 × 10 −3 , and the elastic modulus before the peak strength is also approximately 5.7 GPa.
e experimental stress-strain curve shows a concave upward trend before the strain reaches 0.8 × 10 −3 in the prepeak stage, and this is the stage of the original tiny void compaction in the specimen. Until reaching the peak strength, the experimental stressstrain curve shows an approximately linear upward trend with a small stress drop in the middle of the stage. After the peak strength, the experimental stress-strain curve shows the step-and-shock signal decreases, accompanied by two large stress drops. In the calculation results, the stress-strain curve shows an approximately linear upward trend before the prepeak stage from the beginning of loading because the particles constructed in the model are in close contact with each other, and there is no particle with a contact number less than three. After the peak strength, the calculated stressstrain curve shows a step decrease, accompanied by two large stress drops. One stress drop is relatively subdued, and the other is more intense.
ere are a total of 2413 AE events monitored from the AE experiment. Among these AE events, 665 are prepeak events, accounting for approximately 27.6%.
ere are a total of 1748 postpeak events, accounting for approximately 72.4%. In the prepeak region, there are relatively few AE events before the strain reaches 1.6 × 10 −3 (minor stress drop before the peak strength), with 168 AE events, accounting for 7.0% of the total. After the minor stress drop before the peak strength, AE events become active until the moment of the peak strength, with 497 AE events accounting for 20.6% of the total. After the peak strength, AE events become more active. In general, when the calculated stress-strain curve drops under stress, the number of AE events increases sharply. e greater the absolute value of stiffness under the stress drop is, the greater the AE event rate is. For example, at the only time stress drops before the peak strength (the strain changes from 1.55 × 10 −3 to 1.63 × 10
), the absolute value of stiffness is 15.76 GPa, and the number of AE events generated is 168 (the number of corresponding AE event rate is 21 per 10 −5 strain). After the peak strength, at the first stress drop with the strain changing from 2.70 × 10 −3 to 2.83 × 10 −3 , the absolute value of stiffness is 15.38 GPa, and the number of AE events generated is 152 (the number of corresponding AE event rate is 12 per 10 −5 strain). At the second stress drop with the strain changing from 2.99 × 10 −3 to 3.30 × 10 −3 , the absolute value of stiffness is 16.17 GPa, and the number of AE events generated is 162 (the number of corresponding AE event rate is 5 per 10 −5 strain). At the third stress drop with the strain changing from 4.37 × 10 −3 to 4.50 × 10 −3 , the absolute value of stiffness is 30.77 GPa and the number of AE events generated is 469 (the number of corresponding AE event rate is 36 per 10 −5 strain). e microcracks generated in the calculation can be divided into microtensile and shear cracks. e microcracks are generated because the stress between the particles exceeds the bond strength. A total of 1247 microcracks are obtained from the calculation. ere are 271 microcracks before the peak strength, accounting for approximately 21.7%, while there are 976 microcracks after the peak strength, accounting for approximately 78.3%. When the strain equals 1.9 × 10 −3 and the stress equals 11.2 MPa, microcracks begin to appear inside the specimen.
en, there is a rapid increase in the microcrack event rate. After the peak strength, the generation of the microcracks becomes more active. At the stress drop stage, the larger the absolute value of stiffness is, the larger the microcrack event rate is. For example, after the peak strength, at the first stress drop with the strain changing from 2.75 × 10 −3 to 3.52 × 10 −3 , the absolute value of stiffness is 10.00 GPa, and the number of microcracks generated is 641 (the number of corresponding microcrack event rate is 3 per 10 −4 strain). At the second stress drop with the strain changing from 3.60 × 10 −3 to 3.74 × 10 −3 , the absolute value of stiffness is 36.07 GPa, and the number of microcrack generated is 469 (the number of corresponding microcrack event rate is 335 per 10 −4 strain).
In general, the stress-strain curve and AE characteristics obtained from the experiment are consistent with the calculation. Comparing the test with the calculated results, the number of AE events after the strength peak of the sample has an advantageous position. At the beginning of loading, the number of AE events is small. As the load continues, the number of AE events increase. After the strength peak, the AE events begin to explode on a large scale. e greater the stress drop is, the greater the number of AE events is, and the higher the degree of sample damage is.
Effect of the Cavities and Flaw on the Generation of Fractures.
e process of the fracture evolution is shown in Figure 4 , and its corresponding stress-strain state is shown in Figure 3(a) .
e macrofractures generated during the 4 Advances in Materials Science and Engineering specimen failure can be divided into two types. One is the type-I fracture (also called wing tensile fracture), and its width is usually relatively thin, developing along the loading direction. e other is the type-II fracture (also called shear fracture), and its width is usually relatively wide, developing along the direction with a certain angle to the loading. Before the peak strength, when the strain equals 2.06 × 10 −3 and the stress equals 11.21 MPa, the macroscopic fractures appear , σ 2.90 MPa.
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at the end of the flaw at first. At the top of the flaw F, type-II fractures are generated at this time. When the strain equals 2.30 × 10 −3 and the stress equals 12.82 MPa, type-I fractures begin to generate at the top and bottom of the cavity A and B. When the stress reaches the peak strength (the strain is equal to 2.71 × 10 −3 and the stress is equal to 15.47 MPa), type-II fractures between the top of the flaw F and the cavity A and between the bottom of flaw F and the cavity B run through completely. At the same time, the type-I fractures at the top and bottom of the cavities A and B develop sequentially. After the peak strength, when the strain equals 3.06 × 10 −3 and the stress equals 12.78 MPa, there is a significant stress drop and type-II fractures appear at the right side of cavity A. When the strain equals 5.54 × 10 −3 and the stress equals 2.90 MPa, there are two significant stress drops before the end of the experiment. At this moment, type-II fractures at the right side of cavity A develop sequentially, while type-II fractures are also generated at the left side of cavity B.
e evolution process of microcracks obtained from the calculation is shown in Figure 5 , and its corresponding state of stress-strain has been marked in Figure 3(b) . In the figure, the tensile microcrack is represented by the short red line and the shear microcrack is represented by the short blue line. Before the peak strength, when the strain equals 2.03 × 10 −3 and the stress equals 11.8 MPa, microcracks are generated at both ends of flaw F first and then develop sequentially, forming the later type-I macrofractures. When the strain equals 2.59 × 10 −3 and the stress equals 15.0 MPa, the microcracks that form type-II fractures also begin to appear at both ends of flaw F, and the microcracks that form type-I fractures begin to appear at the top and bottom of the cavity A and B. At the same time, a few microcracks begin to generate at the right side of cavity B, but they do not extend widely before the peak strength. When the stress reaches the peak strength (the strain is equal to 2.73 × 10 −3 and the stress is equal to 15.4 MPa), type-II fractures between the top of the flaw F and the cavity A run through completely, and type-I fractures continue to expand at the bottom of flaw F, while the type-I fractures expand farther at the top and bottom of the cavities A and B. After the peak strength, when the strain equals 2.81 × 10 −3 and the stress equals 14.5 MPa, the type-II fractures between flaw F and cavity B also run through completely. When the strain equals 3.59 × 10 −3 and the stress equals 7.8 MPa, a stress drop with a relatively long duration and large amplitude occurs, and the type-II fractures between the left side of cavity B and the boundary of the specimen run through completely. When the strain equals 3.73 × 10 −3 and the stress equals 2.5 MPa, the type-II fractures between the right side of cavity A and the boundary of the specimen also run through completely.
ere are also a few type-I cracks evolving from the extension of the type-II fractures at the outside of the cavity after the peak strength.
Effect of the Cavities and Flaw on the Distribution of
Fractures. Based on the comparative analysis of the experimental and calculated results, the evolution regularity and distribution type of macrofractures are relatively consistent during the specimen failure. e regularities can be summarized as follows: (1) before the peak strength, the fractures first generate at the two ends of the flaw, then the type-I fractures begin to appear at the top and bottom of the cavity; (2) at the moment of the peak strength, the type-II fractures between the ends of the flaw and the side wall of the cavity almost run through completely; and (3) after the peak strength, the type-II fractures between the outside of the cavity and the boundary of the specimen begin to expand and gradually run through, with a relatively obvious stress drop correspondingly.
e fracture distribution information after the experiment, which was obtained by using CT scanning technology, is shown in Figure 6 . Along the trend direction of the prefabricated flaws, a scanning section was set at 12.5 mm.
ere are five scanning sections, as follows: M 1 N 1 P 1 Q 1 , M 2 N 2 P 2 Q 2 , M 3 N 3 P 3 Q 3 , M 4 N 4 P 4 Q 4 , and M 5 N 5 P 5 Q 5 . Compared with the fracture distribution information obtained from the photography technology, the fracture distribution information of the surface and internal to the specimen obtained from CT scanning technology is clearer. Especially for the type-I fracture, it is not easily captured with photography technology. Along the trend direction of the prefabricated flaws, the distribution of fractures in the five scanning sections is almost unanimous. e type-II fractures run through at the rock bridge between the flaw and the cavity, while the type-I fractures develop along the loading direction at the flaw ends. e type-I fractures generated at the top and bottom of the cavity develop along the loading direction, while in the process of the type-II fractures generating at the outside of the cavity, there are a few type-I fractures generated from them at the same time. In the width of the fracture, the type-I fractures are significantly different from the type-II fractures. For example, on the M 1 N 1 P 1 Q 1 section, the widths of the type-I fracture and type-II fracture generated at the ends of flaw F are 0.27 mm and 0.55 mm, respectively. On the M 4 N 4 P 4 Q 4 section, the widths of the type-I fracture and type-II fracture generating at the left side of cavity B are 0.19 mm and 0.36 mm, respectively. e width of the type-II fracture is always wider and approximately two times wider than the width of the type-I fracture. In general, the fracture distribution information inside the specimen obtained from CT scanning technology at the end of the experiment is approximately consistent with the information obtained from the PFC calculation, indicating that the calculation results are reliable.
Conclusions
(1) During the process of the specimen failure, AE events appear mainly after the peak strength. e larger the absolute value of stiffness during the stress drop is, the larger the AE event rate is. A larger stress drop generally corresponds to the generation of a shear fracture. (2) Fractures can be divided into two categories, namely, wing tensile fracture (type-I fracture) and shear fracture (type-II fracture). e type-I fractures generate mainly at the ends of the aw or at the top and bottom of the cavity, developing along the loading direction. e type-II fractures generate mainly between the aw and the cavity and between the cavity and the boundary of the specimen, developing along the direction with a certain angle to the loading.
(3) Before the peak strength, fractures rst appear at both ends of the aw, followed by the type-II fractures beginning to generate at the top and bottom of the cavity. At the moment of the peak strength, the type-II fractures between the ends of the aw and the side wall of the cavity run through completely. After the peak strength, the type-II fractures between the Advances in Materials Science and Engineeringcavity and the boundary of the specimen begin to expand and gradually run through.
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